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INTRODUCFION

Hydroelectric power is the most mature and widely implemented of the renewable

energy technologies. The energy of flowing water has been used to perform work

directly since ancient times, and the use of hydropower turbines to generate electricity

traces back to the 19th century. Two commonly used turbine types, the Francis and

Kaplan turbines, are essentially refinements of the simple reaction turbine of Hero of

Alexandria, dating from about 100 B.C. (NAS 1976).

Hydroelectric power production provides over 10 percent of the net electrical

generation in the United States, more than petroleum or natural gas and far more than

the other renewable energy technologies combined (Figure 1). On a regional basis,

hydroelectric power represents 14 percent of the net electrical power generation in the

Rocky Mountain states and nearly 63 percent along the Pacific Coast (Figure 2). Those

states that have the largest percentages of their electricity generated by hydropower (e.g.,

Idaho, Oregon, Montana, and Washington) also tend to have the lowest average cost of

electricity per kilowatt-hour (Figure 3).

ENVIRONMENTAL ISSUES

Hydroelectric power generation is largely free of several major classes of

environmental impacts associated with other types of energy production. For example,
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with the exception of dust and equipment emissions during project construction, there are

no air emissions. Thus, hydroelectric power does not produce sulfur and nitrogen oxides

that can cause acidic precipitation, nor does it produce carbon dioxide, methane, or other

"greenhouse gases" that have been implicated in global climate change. Unlike most

other forms of energy production, hydropower generates essentially no solid waste. Thus,

neither large amounts of land for coal ash and slag disposal nor long-term storage

facilities for nuclear wastes are needed. Finally, hydroelectric power production does not

bear many of the external costs that characterize other energy technologies, i.e., potential

environmental and health impacts associated with other aspects of the overall fuel cycle

(ORNL/RFF 1992). These externalities include impacts of resource extraction (e.g., coal

mining), preparation/beneficiation, transportation (e.g., oil spills), and waste disposal.

However, hydropower does have a number of potential ecological impacts, many

related to the localized alteration of aquatic and terrestrial habitats (Table 1).

Impoundment of a river to create a water storage reservoir will inundate terrestrial

habitat and replace the free-flowing river environment with a reservoir environment.

These habitat changes result in the loss of terrestrial vegetation (often including

wetlands), the displacement of wildlife, and conversion of riverine fish communities to

lentic (reservoir) communities (t_ada and Zadroga 1982).

Operation of the hydropower project can have additional impacts on terrestrial

and aquatic biota, especially as meditated through habitat alterations (Table 1).

Diversion of water out of the stream channel and into a penstock (or withholding

reservoir releases in order to store water for future electrical generation) can desiccate
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riparian (streamside) vegetation (Petts 1984). Insufficient instream flow releases can also

degrade habitat for fish and other aquatic organisms in the affected river reach below the

dam. The relatively stagnant water in the reservoir will trap waterborne sediments and

nutrients and encourage the undesirable proliferation of aquatic weeds and algae

(eutrophication). Stratification of water impounded by the dam can lead to alteration of

temperature and dissolved gas concentrations both in the reservoir and in water

discharged from the turbines (t_ada et al. 1983).

Finally, hydropower operations can have direct effects on aquatic organisms

(Olson et al. 1985). The dam can block upstream movements of fish, which can have

severe consequences for anadromous fish (e.g., salmon, steelhead, and American shad)

that must migrate upstream to fresh water to reproduce. Downstream-moving fish may

be drawn into the turbine intake (entrainment) and suffer injury or mortality when

passing through the turbine. Screens used to exclude debris and other materials from the

turbines can also trap fish (impingement).

MITIGATION OF ENVIRONMENTAL ISSUF__

Many of these environmental impacts can be minimized or mitigated by

appropriate construction or operational measures. For example, the size of the storage

impoundment can be reduced in order to minimize the inundation of terrestrial habitat

and to reduce the nutrient- and sediment-trapping potential. Water can be released in
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ways that will reduce extreme flow fluctuations and minimize reservoir stratification and

its attendant water quality changes. Fish ladders or lifts can be incorporated into the

design of the project to allow migrating fish to ascend the dam and gain access to

upstream spawning areas. Appropriately designed intake screens or other exclusion

measures can prevent fish being drawn into the turbine intake. These types of mitigative

measures are often recommended by water quality regulatory agencies and/or fish and

wildlife resource agencies, and are incorporated as requirements into the operating

licenses of hydroelectric power plants.

Environmental mitigation requirements have an important and growing effect on

hydroelectric power production in the United States (Mattice 1991). The purpose of

most environmental mitigation at hydroelectric projects is to minimize adverse effects of

construction and operation on water quality and aquatic organisms. In addition to these

benefits, however, mitigation practices usually entail costs arising from required studies,

capital structures, reporting, and operational changes. The impact of environmental

mitigation on hydropower developers is reduced profits; the impact to society is reduced

production of renewable energy, which may be replaced by energy produced by fossil

fuels with their inherent environmental and economic costs.

The U.S. Department of Energy's Hydropower Program is engaged in a multiyear

study of environmental mitigation practices at hydroelectric projects. This study is

intended to characterize the status of mitigative measures and to develop an

understanding of both the benefits and costs of these measures. Volume I of the

Environmental Mitigation Study (Sale et al. 1991) examined current, nationwide practices
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for mitigating adverse impacts of hydropower production on water quality [specifically,

dissolved oxygen (DO)], instream flows, and upstream and downstream fish passage.

Input from the hydropower industry and regulatory and resource agencies indicated that

these issues were considered the most significant and most in need of mitigation.

Information was collected about the types and frequencies of mitigation methods in use,

their environmental benefits and effectiveness, and their costs.

Information on mitigation practices at nonfederal hydroelectric power plants was

obtained directly from three sources: (1) existing records of the Federal Energy

Regulatory Commission, the agency responsible for licensing nonfederal hydropower

projects; (2) new information provided by the nonfederal hydropower community; and

(3) new information obtained from the natural resource agencies involved in hydropower

regulation. Information on mitigation practices was obtained from 280 projects; these

represented more than 40% of all the projects licensed during the 1980s that could be

identified a priori as having relevant mitigation requirements, lnstream flow

requirements are the most common of the environmental mitigation requirements among

projects licensed in the 1980s, followed by downstream fish passage, DO mitigation, and

upstream fish passage facilities. The proportion of newly licensed projects with

mitigation requirements has increased significantly during the past decade.

Costs were examined for mitigation methods associated with each of the four

issues. Overall costs were divided into capital, study, operations and maintenance, and

annual reporting costs. Costs were expressed in 1991 dollars in the following ways:

average cost per project, average cost per kilowatt of capacity (for capital and study
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costs), and average cost per kilowatt hour (for operations and maintenance and annual

reporting costs). Because of the huge cost ranges for similar mitigation measures at

different sites, costs were also presented by capacity categories. This allows the

developer to cempare environmental mitigation costs of a current or potential project to

those incurred by similarly sized projects.

Occasionally, hydropower projects are required to make some contribution to

environmental projects or enhancement of fishery resources not associated directly with

the hydroelectric project to compensate for unavoidable environmental damage. Off-site

compensation was reported at an average level of $307,000 per site.

Instream Flows

Minimum instream flows are released from water diversion projects to maintain

various instream water benefits, including maintenance of fish and other aquatic

organisms, water quality, recreation, and streamside vegetation. This study considered

only instream flows designed for the protection of aquatic organisms, i.e., minimum flow

releases for recreation were not directly examined. Providing flows below a diversion is

simple; water can simply be spilled from the dam instead of diverted to a penstock or

stored in the reservoir. Because water released to support downstream aquatic and

riparian communities is water that is frequently unavailable for generation of electricity,

hydropower developers are interested in providing sufficient, but not excessive releases.
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More than one method to determine adequate instream flow releases was reported to

have been used at many projects (Figure 4). Of the established and documented

methods used to determine instream flows, the most frequently applied formal

methodology was the complex and expensive Instream Flow Incremental Methodology

(IFIM). Half of the project operators reported that the professional judgment of

resource agency staff was the key element in at least one of the methods used to set

instream flows. Professional judgment was often cited in conjunction with the IFIM.

Thus, many licenses for hydroelectric power plants have been issued in which the

requirements for minimum instream flow releases have been determined without the use

of formal or documented methods.

Monitoring sufficient to evaluate the consequent effects of instream flow releases

on fish populations is not common. Among operating projects with instream flow

requirements in their licenses, only about 50% measure the flow releases at all, whether

continuously, daily, or less frequently; about 20% have collected fish data that might be

used to verify the success of the instream flow mitigation.

The costs of providing instream flows vary widely among projects. At diversion

projects (where flows for power generation are diverted through a pipeline and around a

stream reach), instream flow requirements in the bypassed reach must be subtracted

from that available for generation. Storage projects that generate without a bypassed

stream reach can release instream flows through their turbines. Operators of such

projects frequently reported no costs associated with the instream flow releases.

However, even the requirements for instream flows below storage projects can have
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significant costs to the operators because of forced sales of electricity at base rates

instead of at peak rates. The capital costs of providing devices to release and measure

instream flows averaged $99,000 per plant. Instream flow studies averaged $100,000 per

plant.

f

Dissolved Oxygen

Water released from reservoirs, including those at hydroelectric projects, can have

low DO concentrations, especially during the summer and at large projects with deep

reservoirs, low flushing rates, or warm climates. In response to the need to maintain

adequate DO, which is necessary for respiration of aquatic organisms, numerous methods

have been developed to improve the quality of hydropower releases (Sale et al. 1991).

These include techniques to aerate water discharged into the tailrace below the dam

(weirs, surface aerators, and diffusers), aeration within the powerhouse (turbine venting

and draft tube aeration), and operational techniques (spill flows and turbine operating

schedule adjustments).

Spill flows are the most commonly used of the DO mitigation technologies (Figure

5). Over 60% of all responding projects use spill flows, 8% use intake level controls, and

nearly 30% use turbine aeration. Twenty-five percent of the projects use more than one

mitigation method. Spill flows are used twice as often as other methods at projects with

design heads of less than 15 m. This may be because fewer mitigation options are



Cada and Francfort - 10

available to small projects, which are constrained by cost and design considerations.

Hydropower operators reported that projects with design heads greater than 15 m were

as likely to use spill flows as any other method.

About 65% of the projects that reported DO mitigation indicated that water

quality is monitored (most commonly, water temperature and DO concentration), but

biological monitoring is rarely conducted. Consequently, the actual biological benefits of

DO mitigation are usually unknown.

Capital costs for DO mitigation equipment averaged $162,000 per plant. The

energy generation lost because of environmental requirements based on water quality

averaged 107,000 kWh per project annually.

Upstream Fish Passage

Blockage of upstream fish movements by a hydroelectric dam can have serious

impacts on species whose life history requires spawning migrations. Anadromous fish

(e.g., salmon, steelhead, American shad, blueback herring, and striped bass), eels, and

some resident fish (e.g., trout, white bass, and sauger) have spawning migrations that may

be constrained by hydroelectric dams. Maintaining or enhancing populations of such fish

may require facilities for upstream fish passage (Orsborn 1987).

Fish ladders are the most commonly reported means of passing fish upstream at

nonfederal hydroelectric dams (Figure 6). Fish elevators are a less common and
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relatively recent mitigative measure. Trapping and hauling (via trucks or barges) of fish

to upstream spawning locations is used at some older dams.

Preconstruction studies, performance monitoring, and detailed performance

criteria for upstream passage facilities are frequently lacking (Sale at al. 1991). Forty

percent of the projects with upstream fish passage mitigation had no performance

monitoring requirements. Those projects that do monitor the success of upstream

passage generally quantify fish passage rates (e.g., fishway counts) or, less commonly, fish

populations.

The costs of upstream fish passage mitigation are relatively easy to determine. In

addition to the capital costs of constructing the fishway, there are operation and

maintenance costs (e.g., for clearing debris from the fish ladder or elevator and for

electrical power to operate a fish elevator), lost power generation resulting from flow

releases needed to operate a fish ladder or elevator (including attraction flows), and any

monitoring and reporting costs. Capital costs of fish ladders averaged $7,586,000;

operation of the ladders resulted in an average annual loss of 194,000 kWh of electricity.

Other costs of upstream fish passage averaged $51,000 for environmental studies, $26,000

for annual reporting, and $80,000 per year for additional operation and maintenance.

f

Downstream Fish Passage

A variety of downstream fish-screening devices are employed to prevent fish from
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being dlrawn into turbine intakes. The simplest passage measure, the spill flows used to

increase DO concentrations or to provide instream flows, can also transport fish below

the darn. Techniques that utilize more sophisticated technology are under development,

but are not widely used (Taft 1986). For example, physical screening and light- or sound-

based guidance measures are being studied as ways to pass migrating fish downstream

with a minimal loss of flow for power generation. The most frequently reported

downstream fish passage device is the angled bar rack, in which the trash rack is set at an

angle to the intake flow and the bars may be closely spaced (Figure 7). This device is

commonly used in the Northeast. Other frequently used fish screens range from

variations of conventional trash racks (e.g., use of closely spaced bars) to more novel

designs employing cylindrical, wedge-wire intake screens. Intake screens usually have a

maximum approach velocity requirement and a sluiceway or some other type of bypass as

well.

As with upstream fish passage measures, performance monitoring and detailed

performance criteria for downstream passage facilities are relatively rare. There are no

performance monitoring requirements for 82% of the projects. Operational monitoring

studies of passage rates or mortality rates have been conducted at a few of the projects.

In addition to the capital costs of constructing the downstream fish passage facility,

costs typically include those for cleaning closely spaced screens or maintaining traveling

screens, lost power generation resulting from flow releases needed to operate sluiceways

or other bypasses, and monitoring and reporting. Downstream fish protection/passage

mitigation averaged $959,000 per plant for capital costs and $14,000 per year for
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operation and maintenance. Studies and annual reporting costs averaged $639,000 and

$2,000, respectively.

ONGOING RESEARCH

Volume I of the Environmental Mitigation Study (Sale et al. 1991) identified both

technical and economic problems associated with the most common mitigative measures

used to protect important aquatic resources. All of the measures can have high costs

and, with few exceptions, there is little information available on their effectiveness. The

findings of the report pointed to a critical need for additional study and monitoring to

address the efficacy of each type of mitigation and the valuation of benefits.

Volume II of the Environmental Mitigation Study contains a more detailed

examination of the costs and benefits of fish passage and protection measures.

Capitalizing on the nationwide assessment of fish passage mitigation that was

accomplished for Volume I, analyses in Volume II are focused on particular case studies

that span a wide range of measures, geographic settings, and fish species. For each case

study, the following costs are quantified: initial capital and study costs, annual reporting

costs, operation and maintenance costs, and rebuilding or modification costs. Evaluation

of the environmental benefits associated with each case study quantifies, to the extent

possible, the performance of the mitigative measure, as well as the subsequent effects on

fish populations and recreational and/or commercial fisheries. Additionally, the benefits
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of these mitigative measures are explored in terms of market values (for commercially

important species), nonmarket use values (recreational fishing), and nonuse values (e.g.,

option values and existence values).

SUbtMARY

Hydroelectric power production is free of several classes of environmental impacts

that severely constrain non-renewable (and some renewable) energy sources, i.e., air

emissions, solid wastes, and significant fuel cycle externalities. Unlike many other sources

of renewable energy, hydropower is a well-developed technology that is already

contributing substantially to U.S. electricity needs. In order to ensure that hydropower

continues to play an important role in the U.S. electricity mix, the often unique

environmental issues must be resolved.

Our assessment of mitigative measures at nonfederal hydropower projects in the

United States found that license requirements associated with the most common

environmental issues increased during the 1980s, most notably in the area of downstream

fish passage/protection. Numerous innovative concepts and designs are being considered

to mitigate adverse impacts of hydroelectric generation, but adequate performance

monitoring has been rare. The ecological impacts of hydroelectric generation can be

serious, but they are not insurmountable. Mitigative measures are available to deal with

these issues, and the challenge is to develop an understanding of the true costs and
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benefits of the most effective measures.
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Table 1. Major potential ecological impacts of construction and operation of hydroelectric
power plants.

,, ,,,,,,, , ,,,, ,

aass of impacts Construction Operation

Alteration of terrestrial Inundation of wetlands and Desiccation of riparian
habitats terrestrial vegetation (streamside) vegetation

below the diversion
Displacement of wildlife

Alteration of aquatic habitats Conversion of a free-flowing Alteration of flow patterns
river to a reservoir below the diversion

Retention of sediments and
nutrients in the reservoir

Development of aquatic
weeds and eutrophication

Alteration of water quality

Direct effects on aquatic Replacement of riverine Entrainment in the turbine
organisms aquatic communities with

reservoir communities Impingement on intake
screens

Interference with fish
movements
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FIGURE CAPTIONS

Figure 1. Renewable and non-renewable sources of net electrical generation in the

United States, 1991. Source: Table 3. Electric Power Monthly. Energy Information

Administration. December 1992.

Figure 2. Contribution of hydropower to net electrical generation by census divisions,

1991. Source: Table 14. Electric Power Monthly. Energy Information Administration.

December 1992.

Figure 3. Comparison of the percent of total electricity generation from hydropower and

the average residential cost per kilowatt-hour, by state. Source: Tables 14 and 60.

Electric Power Monthly. Energy Information Administration. December 1992.

Figure 4. Methods used to determine instream flow requirements, based on information

provided by developers of 185 nonfederal hydropower projects. Source: Sale et al.

(1991).

Figure 5. Methods u:,ed to increase dissolved oxygen concentrations in releases from

nonfederal hydroelectric power plants, based on information provided by developers of

56 nonfederal hydropower projects. Source: Sale et al. (1991).
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Figure 6. Relative frequency of upstream fish passage measures at nonfederal

hydroelectric power plants, based on information provided by developers of 34

nonfederal hydropower projects. Source: Sale et al. (1991).

Figure 7. Relative frequency of downstream fish passage measures at nonfederal

hydroelectric power plants, based on information provided by developers of 85

nonfederal hydropower projects. Source: Sale et al. (1991).
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